2 Abstract Background: Lycopene has been promoted for prostate cancer prevention, despite the
Introduction
Whether or not high consumption of lycopene, a carotenoid found primarily in tomatoes and tomato products, reduces the risk of prostate cancer remains controversial (1, 2) . This is an important question from a public health perspective, because increasing the consumption of lycopene through dietary change, food fortification or supplementation would be relatively simple and inexpensive interventions for prostate cancer prevention. Lacking a large, randomized clinical trial, the best evidence for an association of lycopene with prostate cancer will be based on large cohort studies; and, due to well established limitations of dietary assessment(3), somewhat stronger inferences can be made when using prediagnostic serum lycopene concentration rather than self-reported dietary intake as a measure of exposure. Eleven cohort studies have examined prediagnostic serum lycopene and prostate cancer risk (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Of these, none reported statistically significant associations in unstratified analyses and three reported significant inverse associations in subgroups defined by age(4), family history of prostate cancer (4) and cancer aggressiveness (6, 11) . There are also six cohort studies that have examined self-reported dietary lycopene and/or consumption of foods high in biologicallyavailable lycopene such as tomato sauce or foods made with cooked tomatoes (14) (15) (16) (17) (18) (19) (20) (21) . Of these, one found significant inverse associations overall (20) , which differed somewhat by tumor grade and stage (19) , and one found an inverse association in a subgroup defined by family history of prostate cancer (17) . Null findings from the majority of prospective studies of lycopene and prostate cancer risk could be attributed to many factors, including: small sample sizes, especially of advanced stage cancer; lycopene intakes too low to observe a possible threshold effect; and the widespread use of Prostate Specific Antigen (PSA) screening that has led to the diagnosis of many local stage and low grade tumors of little clinical importance (22) . Nevertheless, additional studies that address methodological weaknesses in the previous research and confirm or refute previous subgroup findings are needed.
Here we give results of a study examining the associations of serum lycopene concentration with the risk of prostate cancer in a large cohort of men participating in the Prostate Cancer Prevention Trial (PCPT). Several aspects of the PCPT are unique, in particular the biopsydetermined absence or presence of cancer and the centralized and uniform pathological grading used to define cancer endpoints. Thus, while almost all prostate cancer cases were local stage and findings may not be generalizable to populations not subject to widespread PSA screening, detection bias was minimized and pathological grading of cases was rigorous and standardized.
Furthermore, because blood samples were collected each year during the trial, it was feasible to pool plasma samples from multiple years to better characterize long-term lycopene exposure.
Results from this study can help clarify whether, in the context of contemporary prostate cancer epidemiology, lycopene should be a candidate for further investigation as a cancer chemopreventive agent.
Materials and Methods

Study Design and Study Population
Data are from the PCPT, a randomized, placebo-controlled trial that tested whether finasteride, a 5α-reductase inhibitor, could reduce the 7-year period prevalence of prostate cancer. Details regarding study design and participant characteristics have been described previously (23) . Briefly, 18,880 men age 55 years and older with normal digital rectal exam (DRE) and PSA levels of 3 ng/ml or below, as well as no history of prostate cancer, severe lower 6 urinary tract symptoms (defined as an International Prostate Symptom Score of 19 or lower) or clinically significant coexisting conditions (judged by the clinical site physician to affect survival or eligibility for the end-of-study biopsy at 7 years post-randomization), were randomized to receive finasteride (5 mg/day) or placebo. During the PCPT, men underwent DRE and PSA determinations annually, and a prostate biopsy was recommended for participants with an abnormal DRE or if a PSA adjusted for the effect of finasteride was 4.0 ng/ml or greater. At the final study visit at year 7, all men not previously diagnosed with prostate cancer were requested to undergo an end-of-study prostate biopsy. All biopsies consisted of a minimum of 6 cores collected under transrectal ultrasonographic guidance and were reviewed for adenocarcinoma by both the pathologist at the local study site and a central pathology laboratory with concordance achieved in all cases. Clinical stage was assigned locally and tumors were graded centrally using the Gleason scoring system. Prostate cancer cases were classified as "for-cause" if there was a prompt for biopsy based on an abnormal DRE or elevated PSA, and "not-for-cause" if there was no prompt preceding the end-of-study biopsy. All men gave informed consent and study procedures were approved by Institutional Review Boards at each study center, the Southwest Oncology Group (SWOG, San Antonio, TX), and the Fred Hutchinson Cancer Research Center (Seattle, WA).
Case and control selection
The study reported here is from a large nested case-control study designed to examine multiple hypotheses about prostate cancer biology and risk (24) . Cases (n = 1,809) were all men with biopsy-confirmed cancer identified before study unblinding who had baseline blood samples available for analysis and controls (n =1,809) were selected from men who were disease-free at the end-of-study biopsy and had baseline blood samples. Controls were frequency-matched to cases on distributions of age (±5 years), treatment group (finasteride or placebo), and a first-degree relative with prostate cancer, and were oversampled for nonwhites.
Data Collection and Laboratory Methods
Information on age, race, diabetes status, family history of prostate cancer in first-degree relatives and history of smoking was collected at baseline using self-administered questionnaires.
Participants' height and weight were measured at baseline, and body mass index (BMI) was calculated as weight (kg) / height (m 2 ).
Non-fasting blood was collected approximately 3 months prior to randomization and annually thereafter until diagnosis or the end of the study. Venous blood was drawn into glass collection tubes without anticoagulant, refrigerated, and shipped to a central repository where they were centrifuged, aliquoted, and stored at -70ºC. Lycopene concentration was measured in 0.5ml serum samples that were collected at years 1 and 4, pooled and refrozen at -70ºC before analysis. Post-randomization bloods were used to conserve the limited pre-randomization samples, and the two samples were pooled to reduce intra-individual variability. In a pilot study of 45 men from this cohort, the intraclass correlation for serum lycopene, based on samples from years 1, 5 and 7, was 0.76; the Spearman-Brown predicted reliability (25) of the mean of two samples used in this study was therefore 0.86. Alternate years were selected if men were missing a year 1 or 4 sample or were diagnosed before year 4 (n=320 cases, 130 controls), a single sample was used if two prediagnostic blood samples were not available (n=75 cases, 3 controls), and men diagnosed with cancer before a post-randomization blood was collected were not eligible (n=44). More cases were missing multiple post-diagnostic bloods because their Total lycopene concentration, specifically the sum of all lycopene isomers, was measured by high performance liquid chromatography as follows: A hexane extraction of serum, prepared under yellow light using tertiary butylhydroquinone as an antioxidant, was injected onto a 3-um C-18 Spherisorb ODS-2 HPLC column (125X3 MM, Waters PSS838528) and eluted with an isocratic solvent consisting of 76% acetonitrile, 12% tetrahydrofuran, 5% methanol, 7% water, 0.025% ammonium acetate and 0.05% diethyl amine (v/v) at the flow rate of 0.7 ml/ minute.
Lycopene was detected at 476 nm. Standard curves were generated with commercially available pure chemicals. The coefficient of variation for pooled quality control samples was 13.5%. Total , and whether or not the diagnostic biopsy was "for-cause" (following a PSA >4 ng/ml or abnormal DRE). Due to small numbers, results from stratified analyses are given only for high-grade cancer defined as Gleason score 7-10; however, there were no substantive differences when high-grade was defined as Gleason score 8-10 or (4+3) plus 8-10. Tests for linear trend across quartiles were based on an ordinal variable corresponding to rank from lowest to highest category, as described by Breslow and Day (26) . Tests for differences in associations across strata were based on interaction terms between serum lycopene trend (as described above) and categorical indicator variables for race and family history and ordinal variables corresponding to rank for age and BMI. A Wald chi-square test was used to evaluate whether the linear trend of lycopene with cancer risk differed between for-cause and not-for-cause cancers. All analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, North Carolina). Table 1 gives demographic and health-related characteristics of the study population, stratified by presence or absence of prostate cancer and by grade. Due to the sampling design, there were more non-white controls than cases and no difference between cases and controls in age, family history of prostate cancer and treatment arm. Controls were more likely than cases to have diabetes, but there were no differences between cases and controls in BMI, smoking history or serum lycopene concentration. Almost 75% of cases were clinical stage T1, 24% were stage T2, and only 1.5% were stage T3. The proportion of cancer cases diagnosed for cause was much higher for high-compared to low-grade disease. Table 2 gives associations of serum lycopene concentrations with prostate cancer risk.
Results
There were no significant associations for total, low-or high-grade cancer, in either the placebo or finasteride arms separately or in the study arms combined.
There were no significant associations within or differences between strata defined by age, race, BMI or family history of prostate cancer (data not shown). However, there were significant differences between cancers diagnosed for-cause and not-for-cause (Table 3 ). In the placebo arm, there were borderline statistically significant reductions in for-cause cancers of approximately 25% in quartile 2 (Q2), Q3 and Q4 compared to Q1, with no evidence of dose-response; the odds ratio for the a-posteriori contrast of Q2-Q4 vs. Q1 was 0.73 [95% CI 0.56-0.95, p<0.02]. In contrast, increasing lycopene concentration was associated with a linear increase in the risk of cancer diagnosed not-for-cause; in the continuous model each 10 ug/dl increase was associated with an 8% [95% CI 1%-16%] increase in risk. Findings in the placebo arm were similar for low-and high-grade cancer, although the numbers of cases were small and no associations reached statistical significance. In the placebo arm, the associations of lycopene with for-cause and not-for-cause cancers differed significantly for total and low-grade cancer (p<0.01, p=0.01, respectively). In the finasteride arm, increasing serum lycopene was associated with a significant, linear decrease in the risk of low-grade cancer only; each 10ug/dl increase was associated with a 12% [95% CI 22%-0%] reduced risk. There were no associations of lycopene with not-for-cause or high-grade cancers. In the finasteride arm, the associations of lycopene with for-cause and not-for-cause cancers differed significantly for low-grade cancer only (p=0.03). In the combined arms, each 10 ug/dl increase in serum lycopene was associated with a 6% [95% CI 12%-1%} decrease and a 5% [95% CI -1% ̶ 11%} increase in the risks of for-cause and not-for-cause cancers, respectively. When stratified by grade, there was a significant inverse but non-linear association of lycopene with low-grade, for-cause cancer, but no significant associations with not-for cause or high-grade cancers. In the total sample, the associations of lycopene with for-cause and not-for-cause cancers differed significantly for total and low-grade cancer only (both p<0.01). In this study of primarily asymptomatic, local stage prostate cancer, pre-diagnostic serum lycopene concentration was not associated with the risk of total, low-or high-grade cancer.
There were also no associations of serum lycopene with prostate cancer risk within strata defined by age, race, BMI or family history of prostate cancer. However, in the placebo arm of the trial, increasing serum lycopene was associated with reduced risk of prostate cancer that was diagnosed following either an elevated PSA test or abnormal DRE and a corresponding increased risk of cancer diagnosed at the end of the study without indication for biopsy. In the finasteride arm, increasing serum lycopene was associated only with decreased risk of low-grade cancer diagnosed for cause. there were 63% and 52% reduced risks among men who, respectively, provided their serum samples at age ≥ 65 years and had no family history of prostate cancer (4) . Neither this nor any of the four previously-published studies that examined associations stratified by age (6, 7, 11, 13) or the one study stratified family history of prostate cancer(13) replicated these findings. Our study provides no support of previous subgroup findings from serum-based studies, which with the exception of two studies finding associations for aggressive disease, have never been replicated.
Findings from cohort studies based on self-reported diet provide little additional clarity on subgroup findings in serum-based studies, specifically regarding whether associations of lycopene with prostate cancer risk are limited to older men, men with advanced disease or men without a family history of prostate cancer. In the PHS, high tomato sauce intake was associated with similar reductions in risk of organ-confined, minimally-extraprostatic and advanced disease, but larger reductions in risk for low-compared to high-grade disease (19) . In the Prostate Lung Colorectal and Ovarian Cancer Screening Trial (PLCO) there was an inverse association of lycopene intake only among men with a family history of prostate cancer (17) . Even within cohorts, no statistically significant subgroup finding has been consistent between diet-and serum-based analyses (4, 13, 17, 19) . Given that both this study and the majority of previouslypublished cohort studies based on either serum or dietary measures of lycopene exposure have found no association either overall or in subgroups, and that a small number of subgroup findings are not consistent across or even within studies, we judge that the accumulated evidence does not support an association lycopene with prostate cancer. This study found inverse associations of serum lycopene with cancer diagnosed for cause (following a biopsy prompt) and positive associations with cancer diagnosed not-for-cause (at the protocol-specified end of the study biopsy). Results were somewhat inconsistent across study arms; we therefore first consider the placebo arm, in which findings were similar for lowand high-grade cancer. Cancers diagnosed for-cause were more likely to be higher-grade and higher-volume (23), as both are associated with elevated PSA. We considered whether lycopene preferentially prevented more clinically-significant cancers, however this was unlikely because ̶ 0.038] in the placebo and finasteride arms, respectively; p inter <0.03. We know of no biological explanation for this finding, however it does suggest that when using current PSA screening practices high serum lycopene could delay or prevent prostate cancer diagnosis. We next considered findings in the finasteride arm, in which there was an inverse association of lycopene with low-grade, for-cause cancers only, with no association with high-grade or not-for-cause cancer. The lack of association with high-grade disease may be due to the increase in the sensitivities of both PSA screening and DRE to detect high-grade cancer among men receiving finasteride (27, 28) , which could attenuate any association of lycopene on the detection of highgrade cancer. We have no hypotheses to explain the inverse association of lycopene with forcause but not not-for-cause, low-grade cancer. It is also possible that all of these subgroup findings could be due to chance, reflecting the large number of subgroup analyses completed There are unique aspects to this study that must be considered when interpreting its results. Most importantly, study participants had PSA <3 ng/ml at study entry and received annual screening (PSA plus DRE) during the 7 years of the trial and, further, almost half of the cancers were detected at the end-of-study biopsy among men without an elevated PSA or abnormal DRE.
Therefore the incidence of cancer and the proportion of cancers that were low-grade and localstage were higher in the PCPT than in other studies. We note that in the placebo arm, findings for for-cause cancers can be directly compared to studies in populations undergoing routine PSA screening. However, when considering the positive association with cancers detected by not-forcause biopsy and the null findings for all cancers combined, it appears that the inverse associations found for screen-detected cancers were misleading. Lycopene assessment was from two samples collected approximately 3 years apart, which we believe is superior to measuring lycopene based on self-reported "usual" diet because the correlation between dietary lycopene as measured by the PCPT food frequency questionnaire (FFQ) and serum lycopene was low (0.12) and the effective reliability of the serum measure was higher (0.86) than the 6-month test-retest reliability of the PCPT FFQ (0.48). However, blood samples were not protected from light during collection and were subject to one freeze-thaw cycle in the preparation of the pooled aliquots; this will add error to the lycopene assay but there is no reason to believe that this error would be biased by case/control status.
A major strength of the PCPT is the mitigation of detection biases present in most observational cohorts in which PSA level and digital rectal examinations affect the decision to perform a prostate biopsy. Use of PSA screening is likely associated with dietary patterns (29) , such that biases due to screening may have seriously confounded previous studies. An additional strength is the availability of Gleason score based on a single, research pathologist, in contrast to other studies that have classified the aggressiveness of incident cancers using a mix of clinical and pathological (post-prostatectomy) stage, grade that is either qualitative or assigned by multiple clinical pathologists, or long-term clinical outcomes. Finally, this study, with 1,683 (461 highgrade) cases was substantially larger than the 692 (235 high-grade) in the PLCO (13), which is the next largest study.
In conclusion, we found no evidence in this unique sample of primarily local stage, biopsydetected cancers that serum lycopene is associated with reduced prostate cancer risk. In men not treated with finasteride, lycopene was associated with delayed detection of both low-and highgrade cancers, which was an unexpected finding of uncertain clinical significance. Overall our findings are consistent with those from most other cohort studies, which taken together do not support the use of lycopene for the prevention of prostate cancer. 4 Quartiles were calculated using distribution among controls. 5 A Wald chi-square test was used to compare parameter estimates for lycopene (trend) between for-cause and not-for-cause cancers.
